Abstract. Intrauterine interventions such as twin-to-twin transfusion syndrome procedure require accurate mapping of the fetal placental vasculature to ensure complete photocoagulation of vascular anastomoses. However, surgeons are currently limited to fetoscopy and external ultrasound imaging, which are unable to accurately identify all vessels especially those that are narrow and at the periphery. Laser speckle contrast imaging (LSCI) is an optical method for imaging blood flow that is emerging as an intraoperative tool for neurosurgery. Here we explore the application of LSCI to minimally invasive fetal surgery, with an endoscopic LSCI system based on a 2.7-mm-diameter fetoscope. We establish using an optical phantom that it can image flow in 1-mm-diameter vessels as far as 4 mm below the surface. We demonstrate that a spatiotemporal algorithm produces the clearest images of vessels within 200 ms, and that speckle contrast images can be accurately registered using groupwise registration to correct for significant motion of target or probe. When tested on a perfused term ex vivo human placenta, our endoscopic LSCI system revealed small capillaries not evident in the fetoscopic images.
Introduction
An augmented view of vasculature and blood flow is required for surgical procedures that rely on accurate identification of the vessels. Laser speckle contrast imaging (LSCI) is emerging as an intraoperative tool for monitoring tissue perfusion and blood flow, particularly in neurosurgery where its clinical potential has been recently demonstrated [1] . Despite its potential for imaging perfusion and blood flow in minimally invasive procedures, relatively few applications of LSCI for endoscopic surgery have been described [2] . The present study proposes a novel application for endoscopic LSCI for intrauterine fetal surgery.
In twin-to-twin transfusion syndrome (TTTS) therapy, the surgeon aims to photocoagulate anastomosing placental vessels that cause a net transfusion of blood between identical twins sharing a placenta [3] . Success depends on the degree of remaining anastomoses, since perinatal morbidity and mortality is highest in cases where anastomoses are not identified or completely photocoagulated [4] . Narrow vessels (<2mm) are most likely to be missed or incompletely photocoagulated. Endoscopic LSCI can potentially help the surgeon identify smaller and less accessible vessels that are difficult to see in standard fetoscopy images.
Due to its nature, LSCI is highly sensitive to motion of the camera relative to tissue. This sensitivity is of particular concern in endoscopic surgeries when the camera is often handheld and the tissue can also move substantially. We aim to address this issue in two complementary ways: (1) by generating the clearest images within a short acquisition interval; and (2) by compensating for motion over longer intervals. For the first way, we evaluate three methods for estimating speckle statistics from data acquired in 200 ms to determine which yields the largest contrast between vasculature and background. And for the second way we evaluate two approaches for registering speckle contrast images in the presence of motion between the endoscope and the anatomy, and demonstrate that groupwise registration is preferable to a previously proposed method [5, 6] . We tested our approach on an optical phantom and also on a perfused ex vivo human placenta, and in both cases tested the method's robustness to motion.
Methods
Endoscopic LSCI. A typical LSCI paradigm involves illumination of tissue with a spatially and temporally coherent laser source and reception of light with a camera. Our approach for endoscopic LSCI comprised a high-resolution sCMOS camera (ORCA-Flash4.0v2, Hamamatsu, Japan; pixel size: 6.5 µm) with highmagnification zoom lens (MVL6X12Z, Thorlabs, Germany), a 2.7-mm diameter fetoscope (Hopkins II, Karl Storz, Germany), and a 785 nm, 450 mW fibrecoupled laser (BWF1, B&W Tek, USA). The fibre-coupled laser was positioned to create a specular illumination on the target area, and images were acquired using the sCMOS camera placed at the proximal end of the fetoscope ( Fig. 1(a) ). In all experiments, the sCMOS sensor's exposure time was set to 5 ms and frames were acquired at 100 fps and at full resolution (2048x2048).
Speckle contrast estimation. When coherent light reflects off an irregular surface such as tissue, it forms a speckle pattern due to random interference. LSCI is based on the principle that the rate of change of speckle intensity is a function of the average velocity of the tissue particles that reflect light [7] . Speckles depend on the movement of scatterers and the sensor exposure time; by measuring the statistics of speckle intensities, it is possible to obtain highresolution images of the vasculature and also relative estimates of blood flow [1] . Speckle contrast images are computed from raw images by taking the ratio of the standard deviation to the mean pixel intensity: K = σ/µ. There are three algorithms for estimating speckle contrast: (1) temporal, by computing the statistics of each pixel across time; (2) spatial, by computing the statistics within a square window around each pixel; and (3) spatiotemporal, by computing the statistics in a spatiotemporal cube window around each pixel. To evaluate these algorithms, we generate speckle contrast images from stacks of 20 raw images using each algorithm and compare the resulting images. For the spatial algorithm, we use a 14x14 kernel (typical kernel size: 0.2 mm) to compute the spatial statistics and take the average of the 20 spatial contrast images to obtain a single image. A 14x14x20 kernel is used for the spatiotemporal algorithm.
Registration of speckle contrast images. We compared two strategies for registering speckle contrast images to compensate for motion during image acquisition. The first one was proposed in [5, 6] , and uses the image at the start of acquisition as a fixed reference for the registration of all other images. We propose an alternative strategy: to use groupwise registration and register all images to their average image, which is iteratively refined after each round of registrations. This approach was adapted from [8] , except that affine transformations are applied on 2D images. Groupwise registration starts by taking the average of all unregistered images and using it as the initial fixed image; after registering all images relative to it, the fixed image is recomputed as the average of the registered images, and this procedure is repeated. We used a total of 5 iterations to register 20 images in the moving phantom experiments, and 10 iterations to register 100 images in the placenta experiment. Both registration strategies described above used the same spatial speckle contrast images and the same number of iterations. We used Elastix to perform the registrations [9] , and in all cases used the same set of registration parameters: affine transform as the transformation type, mutual information as the similarity measure, and adaptive stochastic gradient descent as the optimisation procedure.
Experimental setup. An optical phantom was used to evaluate the ability to image flow at different depths using our endoscopic LSCI approach. The phantom was made using a 3D-printed mould comprising two parts: a 13x26 mm rectangular chamber with 1mm holes on the side, and a plate with 1-mm diameter rods spaced 2 mm horizontally and 1 mm vertically ( Fig. 2(a) ). The mould was filled with 5.5% agar solution mixed with 0.5% intralipid (SigmaAldrich, USA), and the rods were removed after the agar had set to create wall-less vessels (i.e., grooves in the agar). Speckle images were acquired as the phantom vessels were perfused with 1% intralipid at a constant rate (60 mL/h) using a syringe driver (Alaris, CareFusion, USA). Intralipid has similar optical properties as biological tissue and, at 1% concentration, it has been used as blood phantom in LSCI studies. For the moving phantom experiments, the phantom was mounted on a motorised linear stage (MT1-Z8, Thorlabs, Germany) and moved at a constant speed of 4mm/s or 2mm/s longitudinally to the imaging plane. The working distance between fetoscope tip and phantom was 1.3 cm or 2.5 cm. Constant intralipid flow was maintained in the 2-mm-deep vessel.
Speckle contrast images were evaluated by computing the average signal-tonoise ratio (SNR) of the pixel contrast values in the perfused vessel region. ROI and background region were defined for each vessel (Fig. 2(b) ), and the SNR was computed as: SN R = |µ ROI − µ bg |/σ bg , where µ ROI is the average contrast value in the ROI, and µ bg and σ bg are the average and standard deviation of the contrast values in the background, respectively. Different selections for the background region were tested, with similar results.
For testing on ex vivo placenta, a term placenta was collected at UCLH following a C-section delivery and after obtaining a written informed consent from the mother (all procedures were approved by UCLH Ethics Committee). The placenta was placed on a flat surface and one of its surface vessels was perfused with 1% intralipid at 30 mL/h. The perfused vessel was imaged downstream from the cannula with our endoscopic LSCI system (Fig. 1(b) ). To simulate handheld movement of the fetoscope, the distal end of the fetoscope was tapped and made to wobble by <1 cm over 1 s during image acquisition.
Experiments and results
Endoscopic LSCI of a perfused placenta. The endoscopic LSCI system was initially tested on a perfused ex vivo placenta ( Fig.1(b) ). A 1-mm-diameter placental vessel was cannulated and continuously perfused with 1% intralipid solution, and the fetoscope was positioned to image the perfused vessel ( Fig.  1(c) ). 100 raw speckle images were acquired, and the estimated spatiotemporal speckle contrast image revealed the perfused vessel in high contrast relative to background (average pixel SNR = 3.28; Fig. 1(e) ). Furthermore, a branching capillary was clearly visible in the speckle contrast image (Fig. 1(e) ), but was not as evident under white light illumination ( Fig. 1(b) and Fig. 1(c) ).
Evaluation of registration-free speckle contrast estimation methods in the absence of confounding motion. Three algorithms for estimating speckle contrast were tested on a perfused optical phantom ( Fig.2(a) and Fig. 2(b) ). Vessels at 1, 2, 3 and 4mm depth were perfused one at a time, and the phantom was placed at 1 or 2 cm from the fetoscope in air, or 1 cm in water. Intralipid flow could be reliably imaged down to 4 mm depth in air, or 3 mm depth in water (Fig. 2(c) and Fig. 2(d) ). SNR analysis indicated that the spatiotemporal method consistently produced the highest contrast for intralipid flow.
Evaluation of registration algorithms on a moving phantom. The phantom was placed on a linear stage and moved at 4 mm/s or 2 mm/s longitudinally to the image plane (Fig. 3(a) ) with the fetoscope at a fixed position and orientation. 20 frames of raw speckle image were acquired during movement, and the resulting 20 spatial speckle contrast images were registered, or spatially normalised, to estimate motion. Groupwise registration recovered the linear translation in the X direction with the phantom at 1.3 cm or 2.5 cm distance, whereas registering to the first frame failed in both accounts (Fig. 3(b), Fig. 3(c) ). Speckle contrast images were clearest with a combination of groupwise registration and spatiotemporal contrast estimation (Fig. 3(e) ). Evaluation of groupwise registration on perfused placenta. While imaging the same region of the placenta as in Fig. 1 the tip of the fetoscope was tapped, making it wobble vertically. The spatiotemporal contrast image of the data acquired during motion contains dark artefacts in the background (Fig.  4(a) ) -these are areas with higher speckle contrast, in some cases caused by specular reflection due to accumulation of water. Applying groupwise registration reduced the artefacts in the contrast image (Fig. 4(b) ) and improved flow contrast (SNR: 2.88 without registration vs. 2.97 with registration)
Discussion
Our results demonstrate the potential of endoscopic LSCI for imaging the fetal placental vasculature during intrauterine procedures. Our approach revealed the perfused vessels in high contrast relative to background both in the optical phantom and in the ex vivo human placenta, in air or under water, and in the presence of motion. Intralipid flow could be imaged down to a depth of 4 mm in the static phantom, 3 mm in the phantom under water, and 2 mm in the moving phantom. In the placenta, small branching capillaries could be clearly identified in the speckle contrast images but not as easily under white light illumination. Groupwise registration significantly improved the ability to correct for motion during image acquisition. Registering to the first frame, as proposed in [5, 6] , may be adequate for near static conditions such as in neurosurgery, but may not be sufficiently robust for endoscopic LSCI. Our results showed that registration to the first frame failed to converge in several cases (Fig. 3) , whereas groupwise registration had converged within the same number of iterations and using the same parameters. The next stage that we started implementing is to develop a real-time endoscopic LSCI system using a fast registration algorithm running on GPUs. Speckle contrast image registration can potentially be improved further by performing it simultaneously to endoscopic video registration, taking advan- tage of the richer texture information in the video images. Additionally, camera stabilisation using robotic surgical systems may help LSCI.
Endoscopic LSCI lends itself well to integration into current clinical workflow, as fibre-coupled lasers are already used in conjunction with imaging. Ultimately, we envisage that the same laser fibre could be used for two purposes. For instance, with a double-clad fibre, the single-mode core could deliver light for speckle imaging while the outer multi-mode cladding could deliver light for photocoagulation. Together with suitable spectral filters, this type of system could potentially be used to monitor photocoagulation in real-time. An integrated photocoagulation and endoscopic LSCI system would have great potential for use in intrauterine procedures, particularly for the TTTS procedure. Future work will focus on the development of this integrated system. 
